I N T RO D U C T I O N
Earthquakes can cause crustal/mantle dilation or compression and solid Earth surface uplift or subsidence, resulting in permanent change in Earth's gravity field. The gravity change caused by earthquakes have been shown to be measurable by the Gravity Recovery and Climate Experiment (GRACE) twin-satellite mission (Tapley et al. 2004) , which has been producing time-variable global gravity field up to spherical harmonic degree around 60 with monthly sampling rate. The GRACE mission has revolutionized our understanding of Earth's mass redistribution, including the terrestrial hydrologic water circulation, ice-sheet and glacier ablation, oceanography and seismology. By surveying right above the rupture region, although with a coarse spatial and temporal resolution, GRACE data have been more commonly used in contemporary studies to detect coseismic signals for several undersea earthquakes, including the 2004 Sumatra-Andaman earthquake (e.g. Han et al. 2006; Wang et al. 2012c) , the 2010 Maule earthquake (e.g. Han et al. 2010 , Heki & Matsuto 2010 , Wang et al. 2012a , and the 2011 Tohoku earthquake (e.g. Han et al. 2011 Han et al. , 2013 Matsuo & Heki 2011; Cambiotti & Sabadini 2012; Zhou et al. 2012; Wang et al. 2012b; Dai et al. 2014 Dai et al. , 2016 Li & Shen 2015) . Moreover, GRACE has also shown its unique contribution to the detection of post-seismic gravity signals (Ogawa & Heki 2007; Han et al. 2008 Han et al. , 2014 Panet et al. 2010; Tanaka & Heki 2014) , since GRACE data can compensate for the shortcoming of seismic data on the detection of aseismic slip and post-seismic slip (Chlieh et al. 2007; Han et al. 2013) .
The gravity gradiometry measurements from Gravity field and steady-state Ocean Circulation Explorer (GOCE; Rummel et al. 2004) have also been used for the detection of coseismic signals from the large undersea earthquakes. Fuchs et al. (2013) found the coseismic signal of the 2011 Tohoku earthquake using the GOCEmeasured vertical gravity gradients at the satellite orbit height. Alvarez et al. (2014) demonstrated the correlation between the vertical gravity gradient calculated from the GOCE gravity model with the coseismic slip distribution for the 2010 Maule earthquake.
Furthermore, GRACE data have been used to solve for seismic source parameters, such as seismic moment, fault size, fault location and orientation (dip, rake and strike angles). For example, Han et al. (2011) solved for the seismic moment, dip and rake angle of the point source for the 2011 Tohoku earthquake. Wang et al. (2012a,b) inverted the GRACE data for the fault length, width and uniform slip of the 2010 Maule and the 2011 Tohoku earthquakes. Cambiotti & Sabadini (2013) estimated all parameters (centroid location and moment tensor) of a point source for the 2011 Tohoku earthquake. Enhancing the spatial resolution by using north component of gravity change (and gravity gradient change) from GRACE, Dai et al. (2014) solved for the centroid location, seismic moment, fault width and slip rake angle for the 2011 Tohoku earthquake. For five undersea earthquakes over the last decade, Han et al. (2013) solved for the seismic moment tensors of multiple centroids but with the location fixed, and Dai et al. (2016) solved for both the location and moment tensor parameters.
For the inversion of source parameters such as seismic moment from GRACE, the accurate modelling of the slip-predicted gravity change is important and incorrect modelling may lead to biases. In this paper, we focus on one modelling deficiency in the forward modelling procedure, that is, the effect of the upward continuation of gravity change from the solid Earth's surface to the Earth's mean equatorial radius accounting for the Earth's oblateness, which has not yet been addressed previously for coseismic studies (e.g. Han et al. 2011 Han et al. , 2013 Matsuo & Heki 2011; Cambiotti & Sabadini 2012 Wang et al. 2012b) . Swenson &Wahr (2002) examined the effects of including the aspherical component of the Earth's shape when modelling the atmospheric effect on the Earth's temporal gravity field. Li et al. (2017) conducted an analysis on the non-negligible Earth's aspherical effect (up to 8 per cent) in GRACE surface mass change estimation. It is also mentioned that recent GRACE mascon solutions had taken account of the aspherical effect, for example, the mascon products from Jet Propulsion Laboratory/Cal. Tech. (Watkins et al. 2015) , NASA Goddard Space Flight Center (Luthcke et al. 2013) , which used a proper position of the mass element on the ellipsoidal Earth's surface in calculating the gravitational potential.
In this study, we show that this effect to earthquakes source model inversion is non-negligible, and if ignored, may induce systematic error for the modelled gravity change, and consequently the underestimation for the inverted seismic moment parameter from GRACE. In Section 2, we discuss several modelling issues and elaborate the proper way to mitigate the effect from Earth's oblateness. In Section 3, we numerically evaluate the effect of considering Earth's oblateness for modelling the gravity change of five undersea earthquakes, especially the 2011 Tohoku earthquake, and the 2010 Maule earthquake. Finally, Section 4 concludes the findings.
I S S U E S I N T H E F O RWA R D M O D E L L I N G O F G R AV I T Y C H A N G E
The accurate modelling of the GRACE-commensurable gravity change corresponding to an earthquake source model is a crucial prerequisite for inverting for earthquake source parameters. To introduce and illustrate several modelling problems, we first briefly introduce our forward modelling approach as in (Dai et al. 2014) for the slip-predicted gravity change, which is based on dislocation theory in a layered half-space (Wang et al. 2006) . First, the gravity change and surface displacement at full spatial resolution responding to the solid Earth deformation caused by a rupture, can be evaluated at solid Earth's surface, for example, the ocean floor for undersea earthquakes; Second, the gravity change associated with the passive ocean response (de Linage et al. 2009; Cambiotti et al. 2011 ) and the topography effect (Li & Chen 2013) can be estimated; Third, the model-predicted gravity change at the ocean floor is expanded to geopotential spherical harmonic coefficients up to degree 900. Finally, each component of gravity and gravity gradient change is computed on Earth's mean equatorial radius (6378.1363 km) from the geopotential coefficients up to the maximum degree (e.g. degree 60) commensurable with the respective GRACE data products.
During the above modelling procedures, several essential modelling issues have been widely discussed in previous studies:
First is the effect of ocean's response to the seafloor deformation on the gravity change. The passive response of ocean water corresponding to the crustal deformation has been extensively investigated and shown significant influence on the gravity change from the satellite gravimetry (de Linage et al. 2009; Heki & Matsuo 2010; Broerse et al. 2011; Cambiotti et al. 2011; Matsuo & Heki 2011) . Broerse et al. (2014) revisited the calculation of the ocean response effect, and quantitatively demonstrated the significance of assuming a realistic continents-divided ocean (Dai et al. 2014) instead of a globally uniform ocean, showing that the uniform ocean assumption can cause errors in gravity up to 40 per cent for the 2010 Maule earthquake.
The second is the effect of topography/bathymetry variation. The gravity change caused by the horizontal displacement over a sloped topography, referred to as topography effect, has been considered by several researchers (Li & Chen 2013; Broerse et al. 2014; Dai et al. 2014; Dai 2015; Li et al. 2016) . Li et al. (2016) conduct a comprehensive analysis of the topography effect for the 2011 Tohoku earthquake by estimating the 'equivalent' ocean floor uplift due to the southeast horizontal displacement over the sloped Japan Trench, the sea water compensation effect, the crustal density changes from dilation and compression over an inclined topography, and the effects of horizontal motion at the inclined Moho, and they conclude that the total effect is about 7 per cent of the gravity change by the solid Earth deformation (expressed at a spherical harmonic truncation degree of 60).
The third is the effect of Earth's curvature. Dislocation theory in a half-space Earth model is often used in computing coseismic deformation. The effect of Earth's curvature has been widely studied (e.g. Sun & Okubo 1993; Pollitz 1996; Wang et al. 2006) by estimating the differences between flat and spherical Earth models, and claimed as negligible for the near field. Dong et al. (2016) revisit the curvature effect using a new approach, which approximates the flat-Earth model by a spherical Earth model with large radius, and they conclude that for shallow earthquakes (depth < 30 km), the effect of the Earth's curvature is generally less than 2 per cent; whereas the curvature effect can be up to 30 per cent when source depth is 600 km, for example, for the 2013 Okhotsk deep-focus earthquake (Tanaka et al. 2015) .
Before discussing the effect of the Earth's oblateness, we elaborate a little bit on the effect of spherical harmonic truncation. Since GRACE provides gravity data up to a limited spherical harmonic degree, same procedure needs to be carried out for the modelling of gravity change by fault rupture. Broerse et al. (2014) conclude that it is important to carry out the spherical harmonic expansion at a high degree even when the application requires a lower one. For the 2011 Tohoku earthquake, Fig. 1(c) shows the gravity change truncated at degree 40, after the spherical harmonic expansion of the modelled gravity change (Fig. 1a) to degree 900. The degree of truncation is selected as 40 based on the localized spectral analysis (Dai et al. 2016) . The degree variance (Fig. 1b) , which is the sum of squares of all coefficients for a given degree, shows that the gravity signal caused by an earthquake has high power at higher degree (e.g. peak value at degree 118). This characteristic explains why the truncated gravity change (up to 18.8 μGal, Fig. 1c ) only preserves a small portion (2 per cent) of the modelled gravity change with full resolution, which is as large as 1075 μGal (Fig. 1a) .
The spherical harmonic truncation in the modelled gravity is non-negligible even when the Gaussian filter is applied. In order to reduce north-south stripes in GRACE Level 2 products, Gaussian filter (e.g. Jekeli 1981; Wahr et al. 1998; Swenson & Wahr 2002; Guo et al. 2010 ) is a widely used technique to smooth the gravity (Dai et al. 2014) . The slip distribution model is the sum of the coseismic slip model provided by Wei et al. (2012) and the 2 weeks of post-seismic slip model by Ozawa et al. (2011) . The modelled gravity change is up to 1075 μGal. (b) The degree variance of the modelled gravity change (red line, μGal 2 ), the 300 km Gaussian filter (blue line, unitless) and the filtered gravity change (magenta, μGal 2 ). The vertical lines represent the locations of degree 40 (green) and degree 60 (black). (c) The gravity change (μGal) truncated to degree 40, up to 18.8 μGal. (d) The gravity change (μGal) truncated to degree 60 and then applied with 300 km Gaussian filter, up to 12.6 μGal. (e) The gravity change (μGal) at full resolution (a) applied with 300 km Gaussian filter, up to 12.9 μGal. (f) The residual (μGal) of (e) after subtraction of (d), up to 0.6 μGal.
or mass change signals by averaging the neighbouring signals using a weighting function. Although Gaussian filter largely reduces the higher degree signals, the difference between applying Gaussian filter to the full-resolution gravity change and the truncated gravity change is up to 0.6 μGal (Fig. 1f) , or about 5 per cent of the maximum gravity change after 300 km Gaussian filtering (12.6 μGal). This demonstrates the amount of overestimation when compared to the smoothed GRACE gravity change if the same truncation is not applied in the modelling.
One drawback of Gaussian filter is that it largely reduces the power of high degree gravity signals, for example, reducing the degree variance by more than half for degrees higher than 30 for Gaussian filter with the smoothing radius of 300 km (Fig. 1b) . Dai et al. (2016) elaborate an alternative way to mitigate the effect of stripes through the use of north component of gravity change, which is similar to the north component of the deflection of vertical or gravity gradient (Wang et al. 2012c) . The direct truncation is more preferable for coseismic deformation studies using GRACE, since the attenuation effect of Gaussian filter to high degrees would be avoided. Fig. 1(c) shows that the direct truncation yields gravity change with higher magnitude (18.8 μGal) when compared to that (12.6 μGal) using Gaussian filter. Nevertheless, direct truncation can cause ripple effect (Jekeli 1981) in the spatial domain. However, it does not affect the inversion of source parameters as long as the same truncation is applied in the forward modelling as that for GRACE data.
The effect of Earth's oblateness
This paper mainly focuses on one potential modelling deficiency, that is, the effect of the upward continuation of gravity change from the ocean floor to the Earth's mean equatorial radius, accounting for Earth's oblateness, which has not yet been discussed in previous publications for coseismic deformation studies. GRACE-derived gravity change is conventionally expanded as a series of spherical harmonics, computed at the Earth's mean equatorial radius R, that is, 6378.1363 km. However, the modelled gravity change corresponding to the solid Earth deformation is usually calculated on the solid Earth's surface, for example, the ocean floor for undersea earthquakes. A systematic bias will appear if comparing the model-predicted gravity change on the ocean floor directly with the GRACE-derived gravity change on R. The correct way is to transform the modelled gravity change at the ocean floor to the geopotential coefficients and then do upward continuation and obtained the gravity change on R.
The relationship between the geopotential spherical harmonic coefficients and the north, east, down components of gravity change can be expressed as follows in the local north-east-down frame (Chen 2007) :
where g N , g E , g D , are the north, east and down (radial) components of the gravity change, respectively. T is the geopotential change, which can be expressed as
where GM is the gravitational constant, n and m are the degree and order, respectively, and r , θ and λ are the local coordinates of any grid point around the fault area. P nm is the fully normalized associated Legendre function (Wahr et al. 1998) :
where x = cosθ, δ m0 is a Delta function, which equals to 1 only when m equals 0 and it is 0 otherwise.P nm (cosθ) is the derivative of P nm (x) with respect to x.P nm can be calculated using the recursive formula as given in (Jekeli 1996) , andP nm can be computed using the recursive formula in Tscherning et al. (1983) . It is worth mentioning that C nm and S nm are the normalized spherical harmonic coefficient change defined at the Earth's mean equatorial radius R according to the data product standard documentation, from the University of Texas Center for Space Research, Jet Propulsion Laboratory/California Institute of Technology, and GeoForschungsZentrum Potsdam. The above eq. (3) is used to get the band-limited spherical harmonic coefficients from the slip-predicted gravity change. Given the Earth density distribution model, we assume the gravity change is only caused by coseismic deformation of solid Earth corresponding to a rupture. Based on the dislocation theory in a layered half-space (Wang et al. 2006) , the gravity change responding to the solid Earth deformation can be evaluated on a regular grid on a sphere, where the far-field gravity change (e.g. 20
• away from the fault area) is set to zero. We emphasize that the radial coordinate for all grid points should be the geocentric distance of the local ocean floor over the fault area, r s . If the Earth's mean equatorial radius R is erroneously used, instead of r s as the radial coordinate of the modelled gravity change, it will cause systematic errors. Since the gravitational potential is harmonic in free space exterior to a sphere that contains all the masses (Jekeli 2007) , the above eqs (1)-(4) are valid outside the sphere of radius r s (r > r s ), and eq. (3) can be used for the upward continuation of coseismic gravity change from r s to R. Specifically, we can expand g D at r s as (Guo & Shum 2009 ):
Let r = r s in eq. (3), we have the relation between C nm , S nm and Ĉ nm , Ŝ nm :
The model-predicted coefficients change C nm , S nm can then be compared commensurately with GRACE Level 2 products, and they can be directly applied to eqs (1)-(4).
The computation of the radial distance (r s ) of the more realistic solid Earth surface, that is, considering the Earth's oblateness, over a fault area (Dai 2015 ) is described here. Given the geodetic latitude and longitude coordinates of the slip location, we first compute the geocentric distance of the fault location projected on the Earth ellipsoid (Dai 2015) . The geocentric distance on the WGS84 (World Geodetic System 1984) ellipsoid over the fault location can be computed as
where, x = a cos ϕ/ √ 1 − e 2 sin 2 ϕ, z = a(1 − e 2 ) sin ϕ/ √ 1 − e 2 sin 2 ϕ, ϕ is the geodetic latitude of the coseismic slip, a is the semi-major axis of the WGS84 ellipsoid and e is the first eccentricity of the Earth ellipsoid. Considering the variation of R ellipsoid along the latitude in a region, we adopt the Global Centroid Moment Tensor Project (GCMT) centroid location as the location of a fault plane.
The geocentric radial distance of the solid Earth surface over the fault area, r s , can be computed by adding the elevation of the Earth surface (topography/bathymetry) to the local geoid's geocentric distance (e.g. 6370 km, for the fault area of 2011 Tohoku earthquake). The geocentric distance of the local geoid at the fault region is: R Geoid = R ellipsoid + N, where N is the geoid undulation. Neglecting the geoid undulation, which is less than ∼107 meter globally (Pavlis et al. 2008) , the geocentric distance of the Earth surface, r s , would be
where h elev is the elevation of the solid Earth surface, for example, ocean floor, which can be extracted from the topography and bathymetry data in CRUST2.0 model (Bassin et al. 2000) . Considering the bathymetric variation along fault planes, which are usually located along trench areas, we use the average elevation of seafloor over a fault area as h elev . which is the maximum degree that can be reliably retrieved from GRACE data (Dai et al. 2016) . Max(|g D (R)|) is the maximal magnitude of the coseismic g D change computed at the radial distance, R; Max(|g D (r s )|) is the same, except the g D change is computed at the ocean floor with the radial distance of r s . The relative difference of the maximum coseismic gravity change is defined as,
The column of latitude denotes the GCMT centroid latitude of each earthquake, and h elev is the seafloor elevation averaged over the fault area.
N U M E R I C A L E VA L UAT I O N O N T H E U P WA R D C O N T I N UAT I O N O F G R AV I T Y C H A N G E
Here we numerically evaluate the systematic error caused by ignoring the upward continuation of modelled gravity change from ocean floor r s to R. We evaluate the difference by comparing the magnitude of model-predicted g D change on r s with that on R. For simplicity, the comparison is only carried out for the gravity change associated with the solid Earth deformation, and the conclusion are expected to be the same for the total gravity change by the solid Earth deformation, the ocean response and the topographic effect. The upward continuation of the slip-model-predicted g D change for five undersea earthquakes is conducted ( Table 1) , showing that the maximum magnitude of the coseismic g D change computed at the Earth's mean equatorial radius, R, is smaller than that computed at the ocean floor, r s . As shown in Table 1 , the effect of the upward continuation is small for those earthquakes close to the equator, with the relative difference of only 1 per cent for the 2004 SumatraAndaman earthquake (Chlieh et al. 2007 ) and the 2007 Bengkulu earthquake (Konca et al. 2008) , and only 3 per cent for the 2012 Indian Ocean earthquakes (Yue et al. 2012) . For the two middle latitude earthquakes, the 2011 Tohoku earthquake (Ozawa et al. 2011; Wei et al. 2012 ) and the 2010 Maule earthquake (Hayes 2010) , due to their smaller geocentric distances (because of earth oblateness) at their fault areas compared to R, the effect of the upward continuation on g D change is larger, with relative differences of 9 per cent and 6 per cent. The effect of the upward continuation on the magnitude of the modelled gravity change will directly affect the estimation of seismic moment during the source parameters inversion using GRACE data. For example, for the 2011 Tohoku earthquake, if neglecting the upward continuation of g D change from the ocean floor to R, the model-predicted g D change would be overestimated by 9 per cent (Table 1) ; hence, the magnitude of seismic moment will be underestimated by 9 per cent during the source parameters inversion using GRACE-observed gravity change because of the linear relationship between the observed gravity change and the inverted source parameters. A simple formula, (R/r s ) NMAX+2 − 1, can be used as a rough approximation for initial evaluation of the effect of ignoring the upward continuation for any high frequency geophysical signal. As shown in eq. (7), the effect of upward continuation for the g D change is mainly dominated by the factor, (r s /R) n+2 . If ignored, it will introduce relative error of (1 − (r s /R) n+2 )/((r s /R) n+2 ) = (R/r s ) n+2 − 1, for a given degree n. For geophysical signals with high power at high frequencies, the magnitude of the signal may be roughly approximated with the maximum degree term. Then, its relative dif- Figure 2 . The relative differences for five recent undersea earthquakes (Table 1). Red is the estimated relative difference, and the yellow is the value calculated using the simple approximation formula.
ference can be roughly approximated by (R/r s ) NMAX+2 − 1. Fig. 2 demonstrates the small difference between the approximated relative differences (yellow) with the estimated relative differences (red) ( Table 1) . Nevertheless, this simple approximation only holds when the geophysical signal has the highest power at or above the truncation degree NMAX of the Stokes coefficients.
We further extend our evaluation for higher degree gravity solutions. To show the effect of the upward continuation for gravity field solutions with different maximum degrees, we compute the peak value of the model-predicted g D change, for the 2011 Tohoku earthquake, truncated at different degrees (Fig. 3) . First, we can see that the model-predicted g D change at the ocean floor (Fig. 3 top, red line) has increasing magnitude with the truncated degrees, up to 995 μGal truncated at degree 900, much higher than the peak value of 51 μGal truncated at degree 60, indicating the high power of the seismic signal at the high frequencies. The g D change at R (Fig. 3 top, orange line) is systematically smaller than the g D change at the ocean floor (Fig. 3 top, red line) , with their relative difference (Fig. 3 bottom, red) increasing with truncation degrees. The relative difference between the g D change at r s and the g D change at R is around 60 per cent (Fig. 3 bottom, red) when truncated at degree 900, and it is about 30 per cent when truncated at degree 240, which is the maximum degree for various gravity field models (e.g. ITG-Goce02, http://icgem.gfz-potsdam.de/ICGEM, Schall et al. 2014) by another satellite gravity gradiometry-GOCE measurements (Pail et al. 2011; Schall et al. 2014) . Similar to the GRACE gravity field models, the GOCE gravity field models also use the mean equatorial radius of the Earth (6378.13646 km) for its spherical harmonic coefficients. Hence, for the study of the 2011 Tohoku earthquake using high de- Wei et al. (2012) and the 2 weeks of post-seismic slip model by Ozawa et al. (2011). gree gravity field solutions (e.g. maximum degree 240), this effect of the upward continuation of the model-predicted gravity signal from the ocean floor to R could be significant (30 per cent). For the north component of gravity change (blue line, Fig. 3 bottom) , the effect of the upward continuation is at the same magnitude as that for the g D change.
The yellow line (Fig. 3) gives the value using the approximated formula, which only roughly agrees with the relative difference (red line) for degrees below 100. Above degree 100, the approximation deviates from the estimated relative difference. The reason is that the localized degree variance (Wieczorek & Simons 2005; Simons et al. 2006) of the coseismic gravity change drops at around degree 100 (Fig. 4) , which indicates that the degree NMAX term above degree 100 can no longer approximate the magnitude of the signal. Nevertheless, we should be aware that the evaluation of the effect of the upward continuation (Fig. 3) and the degree variance (Fig. 4) highly relies on the coseismic slip model (Wei et al. 2012) , which is resolved with some smoothing conditions added during their inversion, for example, the spline distribution among patches, or the criteria of least discrepancy between neighbour patches. This implies that potentially the real coseismic slip signal could have even higher power at the high degrees than that shown in Fig. 4 , which implies that the effect of the upward continuation neglecting Earth's oblateness (Fig. 3, bottom) could be larger for real coseismic signals.
D I S C U S S I O N A N D C O N C L U S I O N S
This paper discusses several modelling issues in the earthquake source model inversion studies using long-wavelength satellite- The slip distribution model is the sum of the coseismic slip model (Wei et al. 2012 ) and the 2 weeks of post-seismic slip model (Ozawa et al. 2011) . g E is the east component of gravity change.
based gravity data. We particularly demonstrate the effect of spherical harmonic truncation, showing that the difference between applying Gaussian filter to the full-resolution gravity change and to the truncated gravity change is about 5 per cent of the maximum gravity change, and that the direct truncation without Gaussian filter is more preferable for coseismic deformation studies using GRACE gravimetry data. Our main focus is the systematic bias in the modelling of the GRACE-commensurable gravity Downloaded from https://academic.oup.com/gji/article-abstract/213/2/1297/4847898 by Bibliothek des Wissenschaftsparks Albert Einstein user on 08 January 2019 change, caused by ignoring the upward continuation of the gravity change from a more realistic solid Earth's surface (e.g. ocean floor) to the Earth's mean equatorial radius, for five recent large earthquakes. Ignoring this effect may lead to biases when comparing the GRACE-observed gravity change with the slip-modelpredicted gravity change, and consequently, yielding biases in the estimated seismic moment during earthquakes source model inversion using GRACE data. We found that the effect of the upward continuation is non-negligible (6 per cent∼9 per cent) for middle latitude earthquakes, and the effect is small (1 per cent to 3 per cent) for those earthquakes close to the equator. A simple formula, (R/r s ) NMAX+2 − 1, can be used as a rough approximation for initial evaluation of this effect on any high frequency geophysical signal. In addition, the effect is more significant for higher degree gravity field solutions for future missions. For example, for scales more commensurate with a seismic displacement model, a gravity field product up to degree 240, if ignoring the difference between the Earth's mean equatorial radius and the local geocentric distance at the solid Earth's surface during the forward modelling procedure, the model-predicted gravity change can be overestimated by 30 per cent for the 2011 Tohoku earthquake, which means that the inverted seismic moment may be systematically underestimated by 30 per cent.
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